A Ni-based catalyst supported over a spent fluid catalytic cracking (FCC) catalyst was prepared by a wet impregnation method. The catalytic characteristic was investigated in pine gum hydrogenation.
Introduction
Pine gum is one of the biggest biomass oil resources in the world. Because of the suitable climate, pine gum has spread all over China, particularly in the Sichuan, Yunnan, Guizhou, Guangxi, Fujian, Anhui and Jiangxi provinces.
1 Rosin and turpentine oil can be obtained from pine gum by distillation. The main component of rosin is abietic acid that contains a conjugated double bond, which upon oxidation deepens its color and brittleness, increases the hydroxyl contents and ultimately enhances its polarity. Thus, it causes the reduction in its solubility in gasoline or petroleum ether and decreases its use in plastics and ink industry.
Hydrogenated rosin is used in many industries, 2 such as adhesives, [3] [4] [5] [6] [7] [8] [9] [10] coatings, 11 printing ink, 12 corrosion prevention, 13 chewing gum 14, 15 and medicine, 16 due to its good oxidation resistance, light color, low brittleness and high thermal stability.
In general, hydrogenated rosin is produced by melting rosin between 220-270 C in a pressure range of 10-25 MPa using noble metal (Pd/C) as the catalyst. 17, 18 Some major drawbacks of this process are the rigorous conditions, high catalyst costs, and a large-scale equipment investment. Similarly, the high temperature operation inevitably results in a series of side reactions of dehydrogenation and decarboxylation, which can decrease the performance of rosin products. The other method of producing hydrogenated rosin is the solution method of mixing rosin and no. 200 industrial grade solvent oil together.
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This method improves the condition of the reaction in a temperatures range of 120-150 C and mild pressures of 4-5 MPa. 20 This method was developed as pine gum hydrogenation and nally the no. 200 industrial grade solvent oil was replaced by turpentine oil. Because turpentine oil originally comes from pine gum, its mass transfer gets promoted, which results in the color and luster of the product.
A Pd/C catalyst has been ubiquitously used for the catalytic hydrogenation of rosin. 21, 22 A major question of this process is the uncontrolled process cost due to Pd utilization. Thus, developing a base metal catalyst, which is cost-effective, without sacricing the activity is becoming more critical.
Fluid catalytic cracking (FCC) is a central technology in the secondary manufacturing of crude oil 23 and the amount of catalyst used in this process is more than 90 kt a À1 . 24 Owing to carbonaceous deposits formed over FCC catalysts during operation, the acid sites of catalysts are reduced and the mass transfer in the channels of zeolites is hampered, which can considerably decrease catalytic activity. 25 The analysis of the state of coke deposits on spent FCC catalysts shows that there are two different types of coke i.e. soluble and insoluble. 25, 26 The former includes aromatics with 2-3 rings adsorbed on the external surface and PAHs with 2-7 rings adsorbed inside the pore, while the latter is conrmed as an amorphous structure, and may consist of a disordered arrangement of polyaromatic molecules. Bibby et al. 27 and Behera et al. 28 presented the formation, nature and properties of coke, and studied the techniques for analyzing and characterizing coke. The FCC catalysts literally go to waste as they are poisoned by the adsorption of heavy metal ions such as V, Ni and Sn in the rework process. According to the reported literature, almost 100% of the metal contaminants in feed is decomposed and deposited on the FCC catalyst surface causing its deactivation. 29, 30 Discarding these spent catalysts has not only led to an economic loss but also resulted in the air, underground water and solids pollution.
In order to address these issues, many studies have focused on making full use of the spent FCC catalyst. Wang et al. 31 investigated the conversion of pinenes to pinane over nickel supported over a spent FCC catalyst, with a total pinenes conversion of 98.48% and a cis-trans ratio of 13.89. Lu 32 introduced a novel method of using spent FCC catalysts or additives to upgrade n-butene into more useful propylene, iso-butene, iso-butane and even gasoline. Commingled polymer waste and polyolen waste were converted into chemicals and valuable hydrocarbons, respectively, over spent FCC commercial catalysts.
33,34 Some studies evaluated "used" FCC catalysts for the recycling of polymer wastes, 35, 36 while removal of metallic ions using spent FCC catalysts have also been reported. 37, 38 To the best of our knowledge, no work has been reported on the reuse of these poisonous ions, such as, Ni, V and Fe supported over FCC spent catalysts for the hydrogenation of pine gum.
In this study, we report on metal ions (Ni, Fe, and V) deposited on the surface of a spent FCC catalyst in the hydrogenation reaction of pine gum. This work makes full use of the poisoning Ni ions and the molecular sieve structure of spent FCC catalysts to prepare load-type non-noble metal catalysts by a wet impregnation method followed by hydrogen reduction and applied in the catalytic hydrogenation of pine gum, demonstrating high activity and selectivity. The hydrogenation rosin product exhibits high quality properties (1.9 wt% abietic acid, acid value 164.2 mg g
À1
, and Lovibond color number, red 0.7, yellow 4.0). The as-prepared catalysts were characterized using scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET), X-ray diffraction (XRD), Fourier transform infra-red spectroscopy (FT-IR), hydrogen programmed temperature reduction (H 2 -TPR), nitrogen programmed temperature desorption (N 2 -TPD), and thermogravimetric differential thermal analysis (TG-DTA). The reaction products were analyzed using gas chromatography mass spectrometry (GC-MS) based on which a proper reaction mechanism was proposed. This study provides a new and environment-friendly route for the regeneration and application of spent FCC catalysts with a highly cost-effective nature and enhanced catalytic activity and selectivity for pine gum hydrogenation on an industrial level.
Materials and methods

Materials
The spent FCC catalyst was purchased from Guangxi Tiandong Oil Renery. Ni(NO 3 ) 2 $6H 2 O (over 98 wt%) was purchased from Chengdu Kelong Chemical Co. China. Pine gum was purchased from Guangxi Wuzhou Pine Chemical Co., Ltd., China. The pine gum contains palustric acid (54.5 wt%), dehydroabietic acid (4.4 wt%), abietic acid (10.4 wt%) and neoabietic acid (15.0 wt%).
Catalyst preparation
The catalysts were prepared for support by a wet impregnation method reported previously.
39, 40 The calcined spent FCC catalyst was impregnated with a desired amount of Ni(NO 3 ) 2 $6H 2 O solution. Aer being dried at 120 C, the precursors were maintained at 523-923 K for 3 h to control the decomposition of nitrate. Then, the precursors were reduced for 2.5 h at 523-923 K under a hydrogen ow in an automatic-temperaturecontrolled tube furnace reactor, which was connected with N 2 and H 2 piping.
Catalyst characterization
The morphology of the catalyst was analyzed in a JEOL JM-6400 SU8020 scanning electronic microscope (SEM), using an acceleration voltage of 7 kV. FTIR spectra of the samples were recorded using a spectrophotometer (NICOLET 6700, wavelength 400-4000 cm À1 ) at room temperature. Powder X-ray diffraction (XRD) was performed in a Rigaku analytical diffractometer model D/MAX-UItima IV with a Cu-K anode, at 40 kV and 200 mA, while scanning the sample over a Bragg angle (2 h) of 5 to 70 . The specic surface area (BET), total pore volume and average pore diameter were measured by N 2 adsorption at 77 K in a Builder SSA-4300 Surface Area and Pore Size Analyzer (with outgassing of the samples at 523 K during 2.5 h). Thermal stabilities of the samples were obtained by using a thermogravimetric analyzer (NETZSCH STA 409 PC/PG TG-DT) at a scanning rate of 10 C min À1 in a temperature range of 25-1073 C in N 2 atmosphere. Hydrogen temperature-programmed reduction (H 2 -TPR) was performed on a FINESORB 3010C 243 adsorption system. The NH 3 temperature programmed desorption (NH 3 -TPD) experiments were performed on a TP-5079 TPDRO instrument equipped with a TCD detector.
Catalytic activity tests and product analysis
Hydrogenation reactions were performed in an agitated 2 L stainless steel batch reactor (Dalian Tongchan Autoclave Vessel Manufacturing Co., Ltd., China), whose design temperature was 623 K and design pressure 20 MPa. 470 g pine gum and 300 g turpentine oil were mixed together and heated in a water bath, followed by ltration. The reactor was charged with this ltrate, a specic amount of catalyst and then sealed, and the reaction temperature was 453 K. The air was pumped out of the reactor to an absolute pressure of about 0.003 MPa, followed by charging with N 2 to a pressure at 0.5 MPa and holding for 10 min. Then, the N 2 was pumped out, and the system was relled with N 2 to a pressure of 0.1 MPa. This replacement procedure was repeated twice. Subsequently, the reactor was lled with H 2 to a pressure of 0.5 MPa and was heated to the desired reaction temperature with continuous stirring at 100 rpm. When the required reaction temperature was attained, the stirring rate was increased to 500 rpm and the CO 2 pressure was lled to 4.0 MPa. On reaction completion, i.e. 1 h, the reactor was cooled to room temperature. The reaction species in the samples were methylated with 25% aqueous tetramethylammonium hydroxide (TMAH) solution (ASTM Standard D 5974-00) and quantitatively analyzed by gas chromatography (GC) (GC-7820, Agilent), while qualitative analyses were performed using GC-MS (QP5050A, Shimadzu). The gas chromatograph equipped with a fused silica capillary column was coated with DB-5 (30 m Â 0.25 mm i.d. Â 0.25 m lm thickness, J&W Scientic, USA) and a ame ionization detector (FID) using a temperature programmed GC as follows:
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The temperature of the gas chamber was 250 C and N 2 was used as the carrier gas with a ow rate of 25 mL min
À1
. 
Results and discussion
Catalyst characterization
Surface particle structure and morphology characterization was performed using SEM and the scans are depicted in Fig. 1 . It can be seen from Fig. 1(a) that the spent FCC catalyst had serious agglomeration and the blocked pores present were due to the accumulation of carbon and the deposition of heavy metal, which caused the inactivation of the catalyst. Fig. 1(b) shows that the calcined spent FCC catalyst had less agglomeration with cleaner and bigger pore structures to some extent. This can also be found by the BET data in Table 1 that the surface area of the spent FCC catalyst is smaller than that of the calcined version, though with a minimal increase attributed to structure collapse. 41, 42 Many rhombus particles i.e. NiO grains, on the surface or between the layers of the supported NiO catalyst can be seen (Fig. 1(c) ). As shown in Fig. 1(d) , the grain size decreases aer hydrogen reduction with the Ni grains possessing a smaller size than NiO.
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Supposing that the Ni grain entered into the pore on the catalyst surface, the surface area, the pore volume and pore size of the supported Ni catalyst decreased compared with the nascent calcined spent FCC catalyst (Table 1) . However, it has no effect on the reaction rate because the rate determining step is considered to be the reaction between atomic hydrogen and the adsorbed components in pine gum on Ni active sites. Fig. 1(e) further reveals that the catalyst recycled from the hydrogenation of pine gum still had Ni particles visible on the surface and hence possessed enough catalytic activity.
The microstructure of the catalyst sample was examined using XRD and the pattern in Fig. 2 suggests that the newly synthesized FCC catalyst exhibited Y type molecular sieve structure. 44 The XRD peaks of the spent FCC catalyst were widened and weakened compared with the fresh catalyst because of the collapsing molecular sieve structure during the reaction procedure. This is consistent with the SEM results discussed above. It can be seen that the sample (d) exhibited three peaks at 2q of 37.16 , 43.26 and 62.88 , which could be ascribed respectively to the (101), (012) and (110) reections of NiO with a face-centered cubic structure. 45 The supported Ni catalyst exhibited two obvious, sharp diffraction peaks (2q ¼ 44.559 and 51.879 ) corresponding to the (111) and (200) planes of the face-centered cubic structure of Ni, conrming its successful incorporation onto the support aer hydrogen reduction. Further, it was deduced that the metallic Ni was reduced sufficiently, with no further oxidation aer storing in open air before the characterization. The catalytic activity of the already used catalyst (in the hydrogenation reaction) can be explained by comparing their XRD patterns with other supported Ni-based catalysts where both exhibited identical XRD peaks suggesting the presence of active Ni species. FT-IR spectra of the catalytic samples are shown in Fig. 3 . A strong band at 3470 cm À1 is related to the H-O-H stretching vibration, while the band at 1646 cm À1 is assigned to the 48 suggesting the absence of a covalent bond between the metal and support. Sample 5 had an absorption feature near 3000-2800 cm À1 assigned to the stretching vibration of C-H, which demonstrates the association of used catalyst with the product molecules. The H 2 -TPR proles of the fresh and spent catalysts are depicted in Fig. 4(a) , while Fig. 4(b) shows the tting prole of the spent FCC catalyst. From the proles, it can be observed that the spent FCC catalyst expressed one high temperature strong reduction peak at 1123 C and one weak reduction peak at 670 C, which indicates the presence of some metal oxide on the spent FCC catalyst that can be reduced. These two peaks can be assigned to the reduction of NiAl 2 O 4 (or V oxide) and NiO, which is conrmed by the XRD results mentioned above. The comparison of the curve 3, 1 and 2 shows the main peaks of the latter moved to lower reduction temperatures, which is attributed to the adsorption of metal ion (or poison) over the catalyst surface in the FCC process (Fig. 5) . Another factor that could lead to the decrease in reduction temperature of NiO is the presence of La 2 O 3 . 49 In addition, shoulder peaks were detected around 780 K on curve 1 and curve 2, while curve 3 has two shoulder peaks at 673 K and 780 K, respectively. The peak at 780 K is attributed to the reduction of NiO in close contact with the support. All these data show that the fresh FCC catalyst had a strong interaction with NiO, which improved the dispersion of Ni and hindered the catalyst sintering and agglomeration. It can be seen from Fig. 4 that the optimum reduction temperature was about 673 K, which is in good agreement with the results reported in Fig. 8(b) .
The TG curve presented in Fig. 6 shows a three-step weight loss pattern for the precursors of the catalyst (Fig. 6(a) and (b) ) and inactivated catalyst (Fig. 6(c) ). The rst step below 440 K is assigned to the weight loss of the physisorbed and interlayer water. 50, 51 It can be seen from the rst two gures that the second and the third steps occurred at 440 K and 550 K, respectively, showing a total weight loss of 16%, which is consistent with the theoretical value of 18.8% caused by the decomposition of Ni(NO 3 ) 2 . The positions of these steps coincided well with those of the endothermic peaks observed in the DTA patterns. As shown in Fig. 6(a) , the weight loss curve does not level out until 900 K as compared with Fig. 6(b) which levels out at 673 K. The inexions around 567 K on the TG curves of the samples correspond to the decomposition of groups and rupture of molecular bonds. Apparently, the third step on the 
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Ni/fresh FCC catalyst curve is longer than on the Ni/spent FCC catalyst, resulting from different interactions between Ni and the support molecules. It can also be observed from H 2 -TPR (Fig. 4) that there was a stronger interaction between Ni ions and the fresh FCC catalyst support compared with spent FCC catalyst. Fig. 6(d) shows a weak weight-gain peak at 666 K, corresponding to the DTA pattern, because Ni ions on the inactivated catalyst had already been oxidized in the air. On average, the TG pattern exhibited a 4% weight loss because of the coke deposition in the catalytic reaction. The NH 3 -TPD measurement was performed to evaluate the strength and number of acidic sites on the samples. In Fig. 7 , peaks below 573 K represent weak acidic sites, those between 573 K to 723 K correspond to medium strength, while those above 550 K correspond to strong acidic sites. From Fig. 7 , it is clear that the fresh FCC catalyst shows broad desorption in the range of 273-1073 K, and there exist three kinds of acidic sites on the fresh FCC catalyst (weak acid sites at 363 K and 446 K and strong acid sites around 787 K). In case of the Ni-loaded fresh FCC catalyst, all the desorption peaks move to higher temperatures, suggesting stronger acidic sites are caused by the interaction between Ni ions and the support. These strong acidic sites in the case of spent FCC catalyst obviously disappeared, and the curve exhibits a decrease in the weak acid amount with the desorption peak moved to higher temperatures, which is concomitantly ascribed to a collapsed catalyst structure and metal deposition via FCC process. Aer calcination, the spent FCC catalyst showed a slight decrease in weak acid amount and almost did not change in acid site strength. Otherwise, it detected a weak desorption peak ranging from 633 K to 673 K on the calcined spent FCC catalyst, implying a few weak acid sites were recovered aer removal of the coke deposits with calcination. When the spent FCC catalyst was loaded with NiO, the strong acid site was detected concurrently with the weak desorption peak moving to lower temperatures.
Catalytic activity evaluation
The pine gum hydrogenation reaction was used to evaluate the catalytic activity at a temperature of 453 K, 4 MPa pressure, 500 rpm stirring speed, 1 h reaction time, using a catalyst dose of 5%. As there was a mixture of reactants, the conversion and selectivity are obtained by the follow equations
W R and W P are the mass percent of the sum of the palustric acid, abietic acid, and neoabietic acid in reactants and product, respectively. W RD and W PD are the mass percent of the dehydroabietic acid in the reactant and product, respectively. Fig. 8(a) illustrates the inuence of calcination temperature on the conversion and selectivity of the abietic acid over the asprepared catalysts. It can be seen that the maximum conversion and selectivity occurred at 723 K, while a further rise in temperature led to a decrease in both of these properties. The hydrogenation activity of the catalysts decreased at a calcination temperature below 573 K, which may be attributed to the fact that Ni(NO) 3 cannot be decomposed completely at such a low temperature, while the reverse happened above 723 K (Fig. 8) . At 723 K, the conversion and selectivity achieved 98.8% and 92.3%, higher than that reported by Wang 18 with a 95% conversion and 80% selectivity, respectively. The hydrogenation activity gradually decreased with increasing catalyst calcination temperature, which may be due to the formation of agglomerates of NiO grains.
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The catalytic activity as a function of reduction temperature, as shown in Fig. 8(b) , shows a marked relation between the two parameters. In Fig. 8(b) , as the reduction temperature elevated from 523 K to 923 K, the conversion and the selectivity of the abietic type acid increased from 30% to 90%. It is worth noting that the supported Ni catalyst (prepared via an impregnation method) resulted in a nickel-aluminum spinel structure, which required a higher reduction temperature compared to other methods 53 It is worth mentioning that a further increase in reduction temperature can lead to a gradual increase in Ni particle size, resulting in the lowering of specic surface area with an ultimately lower Ni particle dispersion. Fig. 8(c) illustrates the inuence of Ni loading on catalytic activity. The untreated spent FCC catalyst (without Ni loading) in pine gum hydrogenation exhibited 20% conversion of abietic type acid and selectivity of the desired products, which increased to 85% aer 5% Ni loading. The conversion and selectivity remained in a range of 80-100% with further loadings, while the maximum was attained at 15% Ni loadings.
As the reduction proceeded, Ni active sites were generated and the catalyst's abietic acid hydrogenation activity increased ( Fig. 8(d)) . Apparently, the range of conversion and the selectivity narrowed with increasing reduction time, whereas at a reduction time > 150 min, the selectivity declined slowly. This may be attributed to the fact that the particle size grew larger with increasing reduction time, leading to agglomerate formation.
Reaction mechanism
The GC-MS results of pine gum are shown in Fig. 9 and Table 2 , which shows that there were 13 components in the reaction mixture among which 12 were identied.
The hydrogenation products of pine gum aer 1 h reaction were analyzed and identied by GC-MS. In total 14 components were identied, which are shown in Fig. 10 and Table 3 .
According to the GC-MS results and in light of some previous reports, 54,55 the proposed reaction mechanism is shown in Fig. 11 . Palustric acid and neoabietic acid are converted into abietic acid because of thermal isomerization. Then, 6 isomers of the dihydroabietic acid and tetrahydroabietic acid are obtained by hydrogenation reaction of abietic acid. Comparing dehydroabietic acid in Table 2 with Table 3 , it was found that the quantity of dehydroabietic acid increased from 3.02 wt% to 8.06 wt%, which demonstrated that the hydrogenation reaction was accompanied by a dehydrogenation reaction. Pimaric acid, isopimaric acid and sandaracopimaric acid are hydrogenated on the side chain, while cyclic olenic bond isomerism occurred instead of hydrogenation attributed to steric hindrance.
Conclusions
In this study, the pine gum hydrogenation reaction was used to evaluate the catalytic activity of a Ni-loaded spent FCC catalyst at a temperature of 453 K, 4 MPa pressure, stirring rate of 500 rpm, 1 h reaction time, and catalyst dose of 5% as optimum conditions for maximum conversion. A Ni loading of 15%, reduced at 723 K for 2.5 h, exhibited the maximum catalytic activity. BET and SEM results show that the spent FCC catalyst possessed a layered structure, while the porosity and surface area were improved by calcination. XRD and IR analysis indicated the absence of any covalent bonds between the metal and support. H 2 -TPR and TG results indicated that the fresh FCC catalyst had strong interaction with NiO, which improved the dispersion of Ni and hindered catalyst sintering. H 2 -TPD proles indicated that the strength of acid sites increased because of interaction between the Ni ions and support. GC-MS results of pine gum and hydrogenation products indicated there were 13 components in the reaction mixture, while 14 components were identied in the hydrogenation products. Based on GC-MS results, a proper reaction mechanism was proposed. The present study, based on the utilization of spent FCC catalyst, is assumed to be highly cost-effective and environment-friendly and can be applied on an industrial level for the hydrogenation of pine gum, leading to the production of useful chemicals.
Conflicts of interest
There are no conicts of interest to declare.
